Bradyrhizobium manausense sp. nov., isolated from effective nodules of Vigna unguiculata grown in Brazilian Amazonian rainforest soils
Root nodule bacteria were trapped within cowpea (Vigna unguiculata) in soils with different cultivation histories collected from the Amazonian rainforest in northern Brazil. Analysis of the 16S rRNA gene sequences of six strains (BR 3351 T , BR 3307, BR 3310, BR 3315, BR 3323 BR and BR 3361) isolated from cowpea nodules showed that they formed a distinct group within the genus Bradyrhizobium, which was separate from previously identified type strains. Phylogenetic analyses of three housekeeping genes (glnII, recA and rpoB) revealed that Bradyrhizobium huanghuaihaiense CCBAU 23303
T was the most closely related type strain (96 % sequence similarity or lower). Chemotaxonomic data, including fatty acid profiles (predominant fatty acids being C 16 : 0 and summed feature 8), the slow growth rate and carbon compound utilization patterns supported the assignment of the strains to the genus Bradyrhizobium. The results of DNA-DNA hybridizations, antibiotic resistance and physiological tests differentiated these novel strains from the most closely related species of the genus Bradyrhizobium with validly published names. Symbiosis-related genes for nodulation (nodC) and nitrogen fixation (nifH) grouped the novel strains of the genus Bradyrhizobium together with Bradyrhizobium iriomotense strain EK05 T , with 94 % and 96 % sequence similarity, respectively. Based on these data, these six strains represent a novel species for which the name Brabyrhizobium manausense sp. nov. (BR 3351 T 5HAMBI 3596 T ), is proposed.
The family Leguminosae is one of the most abundant plant families in the Amazonian rainforest (AR) with more than 1240 species and 140 genera of all three subfamilies (Caesalpinioideae, Mimosoideae and Papilionoideae) catalogued (Ducke, 1949; Silva et al., 1988) . This family is ecologically and economically important to the biome, because it contains pioneer species that revegetate bare soils, species that produce grain for food and species used for timber production. Many legume species are capable of forming root (or sometimes stem) nodules, which contain nitrogen-fixing bacterial symbionts, collectively known as 'rhizobia' (Sprent, 1995) . The capacity to nodulate appears to be the rule for leguminous plants within the AR, since more than 80 % of species of the subfamilies Papilionoideae and Mimosoideae do it; however, only about 20 % of the Caesalpinioideae are capable of forming nodules (de Faria, et al., 1989 (de Faria, et al., , 2010 Moreira, et al., 1993) . Legumes contribute significantly to the AR N-balance, with more than 1006 10 8 kg of nitrogen being fixed annually (Salati et al., 1982; Martinelli et al., 1992; Gehring, et al., 2005) .
Bacteria of the genus Bradyrhizobium have been reported to comprise the majority of root nodule bacteria isolated from Amazonian legumes; however, the diversity of the nodule bacteria remains poorly understood (Moreira et al., 1998) . Recent studies, using soil-trapping experiments with promiscuous legumes, including Macroptilium atropurpureum and Vigna unguiculata, have shown that AR soils contain diverse rhizobia (Jesus et al., 2005; Chagas Junior et al., 2010; Guimarães et al., 2012; Silva et al., 2012) . Although there was a prevalence of species of the genus Bradyrhizobium, bacteria from the genera Rhizobium and Burkholderia have been also found. Silva et al. (2012) investigated soils collected from six AR areas (2 u 529 52.750 N 59 u 599 40.110 W) with different cultivation histories, including farm land and native noncropped areas using Vigna unguiculata as the trap plant. They isolated more than 100 strains, which were slowgrowing on YMA medium (Fred & Waksman, 1928) and 16S rRNA sequence analysis confirmed that 46 of them belonged to the genus Bradyrhizobium . However, none of these strains grouped with existing type strains of species of the genus Bradyrhizobium, indicating that they might represent novel species. Silva et al. (2012) also observed that these strains representing the genus Bradyrhizobium were isolated from all areas studied, indicating that they are widespread throughout AR soils.
In the present study, six strains (BR 3307, BR 3310, BR 3315, BR 3323, BR 3351 T and BR 3361) were selected and subjected to more detailed polyphasic taxonomic study, including gene sequence analysis (16S rRNA, glnII, recA, rpoB, dnaK, gyrB, nodC and nifH), DNA-DNA relatedness, fatty acid profiles and phenotypic characterization. The strains were deposited in the Diazothrophic Microbial Culture Collection-CRB-Johanna Döbereiner-(Embrapa Agrobiologia, Rio de Janeiro, Brazil). All strains were cultured in YMA medium at 28 u C and for long-term storage the cultures were lyophilized and stored at 280 u C.
For PCR, genomic DNA was prepared using the Wizard DNA clean up protocol (Promega) and BOX PCR analysis was performed as described previously (Versalovic et al., 1994) . Fingerprint analysis was performed with the BioNumerics 7.01 software package (Applied Maths) using the UPGMA algorithm and Jaccard similarity coefficients. Cluster analyses showed that the six strains grouped together with 75 % similarity levels into four subgroups, indicating that most of them represent genetically distinct strains, and were also separated from other type strains of species of the genus Bradyrhizobium (Fig. S1 , available in the online Supplementary Material).
Nearly full-length amplicons of the 16S rRNA gene (1307 bp) were obtained for all strains using the primers and conditions described by Silva et al. (2012) . Sequence alignment, alignment editing and phylogenetic analyses were performed using the MEGA5 software package (Tamura et al., 2011) . Phylogenetic trees were reconstructed using the neighbour-joining (NJ) (Saitou & Nei, 1987) and maximum-likelihood (ML) (Felsenstein, 1981) reconstruction methods. The strength of each topology was verified using 1000 bootstrap replications. The overall topologies of the phylogenetic trees obtained with the NJ and ML methods were similar (data not shown). The six strains formed a novel branch within the genus Bradyrhizobium ( Fig. 1 T and 'Bradyrhizobium rifense' CTAW71 (Table S1 ).
Although high percentages of 16S rRNA gene sequence similarity were obtained, previous reports have suggested that closely related species of the genus Bradyrhizobium are difficult to distinguish using 16S rRNA gene sequence analysis (Willems et al., 2001; Menna et al., 2009) . Therefore, multi locus sequence analysis (MLSA) was performed with glnII (537 bp), recA (415 bp) and rpoB (429 bp) following previous reports (Vinuesa et al., 2005; Martens et al., 2008 , Menna et al., 2009 . Before concatenating the sequences obtained, congruence tests (tree topology observation) and partition-homogeneity tests using PAUP software (Farris et al., 1994; Swofford, 1997) were performed. The phylogenetic tree based on the concatenated sequences of the three housekeeping genes (Fig. 2) revealed that the novel strains belong to a monophyletic cluster with high bootstrap support (100 %). Sequence similarities between our strains were 98 % or higher for all investigated genes (Table S1 ). The most closely related type strain phylogenetically, Bradyrhizobium huanghuaihaiense CCBAU 23303 T (Zhang et al., 2012) , showed 96 % or lower sequence similarity with strain BR 3351 T for all genes investigated (Figs 2 and S2, Table S1 ). The dnaK and gyrB genes of strain BR 3351 T were also analysed and compared with those of recognized type strains of species of the genus Bradyrhizobium showing the same results as with concatenation (data not shown).
For phenotypic characterization, strains were Gram stained and were grown on YMA at different temperatures (15, 20, 25, 28, 30, 32 and 37 u C), varying pH (4, 5, 6, 7, 8, 9, 10 and 11) and NaCl concentrations of 0.1, 0.3, 0.5, 1.0, 1.5, 2.0 and 2.5 % (w/v). Cell motility was observed using light microscopy of a wet preparation. Cell morphology was determined by transmission (Philips CM100 BioTwin) and electron scanning microscopy (Philips XL20).
Oxidase activity was evaluated by touching a colony with a paper impregnated with 1 % (w/v) N,N,N9,N9-tetramethyl-p-phenylenediamine solution and observing the reaction; catalase activity was determined by flooding a colony with 10 % (v/v) H 2 O 2 and checking for the presence of bubbles. Other biochemical tests were performed by inoculating API 20NE strips (bioMérieux) and Biolog GN2 microplates according to the manufacturers' instructions and incubating for 8 days at 28 u C. Antibiotic susceptibility tests were performed on YMA using the antibiotic Sensidisc dispenser system (Oxoid) with bio-discs (Oxoid) containing ampicillin (10 mg and 25 mg), chloramphenicol (30 mg and 50 mg), erythromycin (30 mg), gentamicin (10 mg), kanamycin (30 mg), neomycin (10 mg), penicillin (10 mg), streptomycin (10 mg and 25 mg) and tetracycline (30 mg). The plates were incubated at 28 u C and read after 10 days. The phenotypic characteristics of the novel strains are presented in Table 1 and the details of carbon source utilization are presented in Table S3 . The plates were assessed on YMA after 7 days and growth was assessed between 15 and 32 u C, pH 4 and 8 and 0 and 0.5 % (w/v) NaCl; common optimal conditions for species of the genus Bradyrhizobium. The strains were resistant to ampicillin, chloramphenicol, erythromycin, gentamicin, neomycin and penicillin. Positive reactions were recorded for oxidase, catalase, urease, nitrate reduction and hydrolysis of aesculin. Negative reactions were observed for tryptophan deaminase, glucose fermentation, arginine dihydrolase, hydrolysis of gelatin and b-galactosidase.
The whole-cell fatty acid methyl esters of strain BR 3351 T were extracted according to the MIDI protocol (http:// www.microbialid.com/PDF/TechNote_101.pdf; Delamuta et al., 2013) . Cultures were grown for 5 days at 28 u C on YMA prior to extraction. The profiles were generated using an Agilent model 6850 chromatograph and identified using the TSBA database version 6.10 (Microbial Identification System; MIDI.). The most abundant cellular fatty acids detected were C 16 : 0 (16.9 %) and summed feature 8 (SF 8) (C 18 : 1 v6c/C 18 : 1 v7c) (59.2 %). Moderate amounts of C 18 : 1 v7c 11-methyl (10.8 %) and C 19 : 0 cyclo v8c (13.1 %) were also found. The presence of C 16 : 0 and SF 8 supports the classification of this strain as belonging to the genus Bradyrhizobium (Tighe et al., 2000) .
For DNA-DNA hybridization and for the determination of the DNA G+C content, high-molecular mass DNA was prepared as described by Pitcher et al. (1989) . DNA-DNA hybridizations were performed using a microplate method and biotinylated probe DNA (Ezaki et al., 1989) . The hybridization temperature was 50±1 u C. Reciprocal reactions (A6B and B6A) were performed for each DNA pair and their variation was within the limits of this method (Goris et al., 1998) . The DNA-DNA relatedness between BR 3351
T and the closest type strain, CCBAU 23303 T , was 60.7 %, confirming that our strains belong to a novel species. The G+C content of DNA was determined by HPLC according to the method of Mesbah et al. (1989) using a Waters Breeze HPLC system and XBridge Shield RP18 column thermostabilized at 37 u C. The solvent was 0.02 M NH 4 H 2 PO 4 (pH 4.0) containing 1.5 % (v/v) 
Bradyrhizobium manausense BR3310
Bradyrhizobium manausense BR3315 Bradyrhizobium manausense BR3323 Fig. 2 . Maximum-likelihood phylogeny based on concatenated glnII, recA and rpoB gene sequences showing the relationships between strains representing Bradyrhizobium manausense sp. nov. (shown in bold type) and other species of the genus Bradyrhizobium. Analysis was performed by the Kimura two-parameter-model. The significance of each branch is indicated by a bootstrap value (greater than 50 % shown) calculated for 1000 subsets. Bar, two substitution per 100 nt positions. acetonitrile. Non-methylated lambda phage (Sigma) and Escherichia coli DNA were used as a calibration reference and a control, respectively. The DNA G+C content of our strain was 63.8 mol% (Table 1) , which is within the range reported for species of the genus Bradyrhizobium and was different to the closest type strain, CCBAU 23303 T , for which the DNA G+C content was 61.5 mol% (Zhang et al., 2012) .
Nodulation and nitrogen fixation genes are required for effective legume symbiosis; therefore, nodC and nifH genes were analysed according to the methods of Sarita et al., (2005) and Ueda et al. (1995) . Phylogenetic trees were reconstructed as described previously and the results are presented in Figs. S3 and S4 . The nodC and nifH gene sequence analyses clustered strain BR 3351
T most closely to Bradyrhizobium iriomotense EK05 T . This strain was first isolated from a root-outgrowth of Entada koshunensis (Leguminosae, Mimosoideae) growing in Japan (Islam et al., 2008) . The authors speculated that the nodC and nifH gene sequences for this strain could represent an independent nitrogen-fixing evolutionary history within the genus Bradyrhizobium. Interestingly, most species of Entada are found in tropical Asia and Africa; however, at least two species are native to the AR and could represent a host.
Authentication experiments were performed to confirm the symbiotic nature of our strains. The effectiveness of the six strains was tested on their original host, Vigna unguiculata, in Leonard jars containing N-free nutrient solution (Radl et al., 2013) . Thereafter, host plant tests were performed with strain BR 3351 T on 14 different legume species using the axenic sand-culture system as described previously (Howieson et al., 2013) . For both experiments the seeds were surface sterilized and inoculated with 1 ml YM broth suspension containing 10 9 bacterial cells grown for 5 days at 28 u C. All treatments, plus an uninoculated control, were replicated four times in a split-plot design (Howieson et al., 2013) . Nodulation was evaluated 35 days after inoculation. Results showed that the six strains had different N-fixation efficiencies with Vigna unguiculata and that strain BR 3351 T was the most efficient with this host (Table S4 ). Strain BR 3351
T also nodulated Cajanus cajan, Macroptillium atropurpureum and Vigna angularis effectively, and formed ineffective root nodules on Phaseolus vulgaris and Vigna radiata. No nodulation was observed with Arachis hypogaea, Acacia ligulata, Crotalaria junceae, Glycine max, Lupinus angustifolius, Ornithopus compressus, Pisum sativum and Vicia faba. The inability to nodulate soybean distinguishes strain BR 3351
T from its closest neighbour, B. huanghuaihaiense CCBAU 23303 T , which was isolated from this host (Zhang et al., 2012) .
The genotypic and phenotypic data presented in this study demonstrate that the strains isolated from Vigna unguiculata root nodules using soil trapping experiments with AR soils represent a novel species, for which the name Bradyrizobium manausense sp. nov. is proposed, with BR 3351 T as the type strain.
Description of Bradyrhizobium manausense sp. nov.
Bradyrhizobium manausense (ma.na.us.en9se. N.L. neut. adj. manausense belonging to Manaus, the capital of Amazonas State, Brazil).
Cells are motile, Gram-stain-negative rods (approximately 1.860.5 mm), aerobic and non-spore-forming (Fig. S5) . Colonies on YMA medium are circular and translucent, and have a diameter of 1 mm within 5-7 days of incubation at 28 u C. The generation time is 7.8 h in YM broth. The pH range for growth in YMA is pH 4-8, with optimal growth at pH 5.0-7.0. Growth occurs between 15 uC and 32 uC, with optimal growth at 28-30 u C. Does not grow with NaCl concentrations greater than 0.5 % (w/v); sensitive to kanamycin, streptomycin and tetracycline; and resistant to ampicillin, chloramphenicol, erythromycin, gentamicin, neomycin and penicillin. The type strain, BR 3351 T (5HAMBI 3596 T ), was isolated from a single nodule of cowpea (Vigna unguiculata) grown in soil collected from the AR in northern Brazil. The DNA G+C content of strain BR 3351 T is 63.8 mol%.
